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(54) Method for quantitative measurement of a substrate

(57) The invention provides a method for quantita-

tive measurement of a substrate with high accuracy by

electrochemically oxidizing an electron mediator which

has been reduced by enzyme reaction thereby deter-

mining the substrate concentration based on a current

flowing during electrochemical oxidation from which

adverse effects of an easy-to-oxidize substance on the

oxidation process have been minimized. The quantitat-

ing method in accordance with the present invention

comprises a first step for causing a substrate contained

in a sample to react with a specific oxidoreductase to

the substrate in the presence of an electron mediator in

oxidized state, and a second step for electrochemically

reducing the electron mediator in oxidized state which

remains non-reduced by the enzyme reaction in the first

step, thereby obtaining a current flowing during electro-

chemical reduction.
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Description

BACKGROUND OF THE INVENTION

[0001] The present invention relates to a method for 5

rapid and easy quantitative measurement of a substrate

contained in a sample such as blood, urine and fruit

juice with high accuracy.

[0002] A conventional simple method for quantitating

a specific component in a sample solution with no dilu- i

tion or agitation of the sample solution is to cause the

specific component to react with an oxidoreductase

whose substrate corresponds to the specific component

in the presence of an electron mediator or electron

acceptor, followed by electrochemical oxidation of the J

electron mediator which has been reduced by this

enzyme reaction, thereby to determine the oxidation

current flowing during this electrochemical oxidation.

[0003] This method normally uses a biosensor as dis-

closed in the Japanese Laid-Open Patent Publication ;

Hei 3-202764.

[0004] The biosensor is produced by first forming an

electrode system having a working electrode and a

counter electrode on an electrically insulating base

plate by a screen printing method or the like, subse-

quently forming a reaction layer including an oxidore-

ductase and an electron mediator above the electrode

system, and finally bonding a cover and a spacer to the

electrically insulating base plate.

[0005] With this biosensor, various specific compo-

nents can be quantitated by varying the oxidoreductase.

[0006] Here, a glucose sensor will be described as an

example of biosensor.

[0007] Conventionally known method for quantitative

measurement of glucose is a system comprising a com-

bination of glucose oxidase with an oxygen electrode or

a hydrogen peroxide electrode (e.g., "Biosensor", ed. by

Shuichi Suzuki, Kodansha, Japan).

[0008] Glucose oxidase selectively oxidizes a sub-

strate (3-D-glucose to D-glucono-6-lactone by utilizing

oxygen dissolved in a sample solution as an electron

mediator. When the substrate is oxidized by the glucose

oxidase, the oxygen used as the electron mediator is

reduced to hydrogen peroxide. The glucose concentra-

tion can be quantitated either by measurement of the

volume of oxygen consumed during this reaction using

an oxygen electrode or by measurement of the volume

of hydrogen peroxide produced using a hydrogen perox-

ide electrode of platinum or the like.

[0009] However, this method has a drawback that the

measurement is largely affected by the concentration of

oxygen contained in a sample solution, depending on

the measuring object This system has another draw-

back that the system cannot function in the absence of

oxygen.

[001 0] To overcome these problems, a type of glucose

sensor has been developed which includes an organic

compound or a metal complex such as potassium ferri-

cyanide, ferrocene derivatives, quinone derivatives, etc.

as electron mediator, in place of oxygen.

[0011] This biosensor can carry a known amount of

glucose oxidase on an electrode system, together with

an electron mediator in their stabilized state. As a result,

the electrode system can be integrated with the reaction

layer almost in dry state.

[0012] Such biosensor is normally disposable and

facilitates measurement of the concentration of glucose

o by a simple instillation of a measuring sample at a sen-

sor chip mounted in a measurement device. Therefore,

this biosensor has been attracting much attention

recently.

[001 3] As described above, the substrate in a sample

5 can be quantitated based on the current flowing across

the electrodes during oxidation of the electron mediator

which has been reduced by a series of enzyme reac-

tion.

[001 4] If the oxidation current value is measured with

20 a two-electrode system comprising a working electrode

and a counter electrode, then the presence of an elec-

tron mediator in oxidized state which must be reduced

on the counter electrode becomes mandatory.

[0015] When the measuring sample is predicted to

25 have a low concentration of substrate, it becomes

unnecessary to secure the presence of such electron

mediator in oxidized state, because the amount of oxi-

dized electron mediator to be reduced by enzyme reac-

tion is small.

30 [0016] However, when the measuring sample is pre-

dicted to have a high concentration of substrate, most of

the electron mediator in oxidized state is reduced by

enzyme reaction, resulting in a deficiency of oxidized

electron mediator which can be reduced on the counter

35 electrode. This renders the reduction on the counter

electrode to show a rate-determining step, affecting the

resultant current value.

[0017] Moreover, depending on sample, an easy-to-

oxidize substance may be present that is oxidized to

40 induce an oxidation current at the same time when the

electron mediator in reduced state is oxidized on the

electrode, producing a positive error in the current value

measured. Furthermore, a high concentration of sub-

strate may vary the oxidation current value.

45

BRIEF SUMMARY OF THE INVENTION

[001 8] The object of the present invention is therefore

to provide a method for high accuracy quantitative

so measurement of a substrate in a wide range of sub-

strate concentration, particularly in high substrate con-

centrations by suppressing the effect on the current

value of a deficiency of electron mediator in oxidized

state to be reduced on the counter electrode and mini-

55 mizing adverse effects of an easy-to-oxidize substance

on the current value.

[0019] The present invention provides a method for

quantitative measurement of a substrate comprising:
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a first step for causing a substrate contained in a

sample to react with a specific oxidoreductase to

the substrate in the presence of an electron media-

tor in oxidized state, and

a second step for electrochemically reducing the s

electron mediator in oxidized state which remains

non-reduced by the enzyme reaction in the first

step, thereby obtaining a current flowing during the

electrochemical reduction.

w
[0020] While the novel features of the invention are set

forth particularly in the appended claims, the invention,

both as to organization and content, will be better

understood and appreciated, along with other objects

and features thereof, from the following detailed 15

description taken in conjunction with the drawings.

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF
THE DRAWING

20

[0021]

FIG. 1 is an exploded perspective view of a two-

electrode system glucose sensor with an omission

of the reaction layer in one example to which the 25

present invention has been applied.

FIG. 2 is an exploded perspective view of a three-

electrode system glucose sensor with an omission

of the reaction layer in one example to which the

present invention has been applied. 30

FIG. 3 is a longitudinal cross-sectional view of the

vital part of the same glucose sensor from which

the spacer and the cover have been omitted.

FIG. 4 illustrates the characteristics of the response

of a two-electrode system glucose sensor to vari- 35

ous glucose standard solutions in one example to

which the present invention has been applied.

FIG. 5 illustrates the characteristics of the response

of a two-electrode system glucose sensor to vari-

ous glucose standard solutions in another example 40

to which the present invention has been applied.

FIG. 6 illustrates the characteristics of the response

of a three-electrode system glucose sensor to vari-

ous glucose standard solutions in another example

to which the present invention has been applied. 45

DETAILED DESCRIPTION OF THE INVENTION

[0022] The easy-to-oxidize substances include ascor-

bic acid and uric acid contained in blood. Such sub- 50

stances resist electrochemical reduction and would not

generate reduction current.

[0023] Therefore, by the method where the substrate

concentration is quantitated by reducing electron medi-

ator in oxidized state which remains non-reduced by a 55

series of enzyme reaction and reading the resultant

reduction current flowing during the reduction process,

the adverse effect of the easy-to-oxidize substance can

be minimized, thereby realizing higher accuracy quanti-.

tation of a substrate.

[0024] From the aspect of the oxidation-reduction

occurring on the electrodes, if the two-electrode system

is applied for measurement of the reduction current

value, the oxidation of the electron mediator in reduced

state shows the rate-determining step due to a small

volume of electron mediator which has been reduced by

the enzyme reaction if the substrate concentration is

low. The reduction current value, therefore, increases

with the increases in the substrate concentration.

[0025] Since the electron mediator in oxidized state

decreases as the concentration of the substrate

increases, the electron mediator in oxidized state

becomes deficient at a certain concentration of sub-

strate. Therefore, in the oxidation-reduction occurring

on the electrodes, the reduction of the electron mediator

in oxidized state shows the rate-determining step, man-
ifesting decreased reduction current value.

[0026] The reduction current value during this process

is an exact reflection of the amount of electron mediator

in oxidized state which failed to be reduced by the

enzyme reaction, thus demonstrating exceptional

response characteristics to the concentration of sub-

strate.

[0027] Even at low substrate concentrations, it is pre-

ferred that an electron mediator in reduced state partic-

ipates in the enzyme reaction system where the

substrate is reacted with an enzyme (oxidoreductase) in

the presence of an electron mediator in oxidized state,

in order to render the reduction of the electron mediator

in oxidized state to show the rate-determining step. Par-

ticipation of electron mediator in reduced state in the

enzyme reaction system facilitates high accuracy quan-

titation of a substrate in a wider range of substrate con-

centrations.

[0028] The method for measurement of the reduction

current value includes the two-electrode system having

a working electrode and a counter electrode and a

three-electrode system further having a reference elec-

trode. The latter permits more accurate quantitative

measurement of a substrate at higher concentrations.

[0029] Application of the method for quantitative

measurement of a substrate in accordance with the

present invention to a biosensor comprising an elec-

trode system having at least a working electrode and a

counter electrode formed on an electrically insulating

base plate, and a reaction layer formed on the electrode

system and including at least an oxidoreductase real-

izes high accuracy quantitation of a specific component

contained in a body sample and thus preferable.

[0030] Further inclusion of a hydrophilic polymer in the

reaction layer is preferable because it is helpful for pre-

venting adsorption of protein or the like in the sample

onto the surface of the electrode system.

[0031] Coating of the surface of the reaction layer with

a layer containing lipid helps smooth supply of a sample

to the reaction layer. This lipid coating may be applied if

3
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occasion demands.

[0032] A pH buffer may further be included in the reac-

tion layer in order to increase the enzyme activity in the

reaction layer.

[0033] Applicable oxidoreductase may be exemplified

as glucose oxidase, glucose dehydrogenase, lactate

oxidase, lactate dehydrogenase, uricase, fructose dehy-

drogenase, alcohol oxidase, cholesterol oxidase, xan-

thine oxidase, amino acid oxidase and the like.

[0034] A combination of plural oxidoreductases may

also be used, such as glucose oxidase plus invertase,

glucose oxidase plus invertase plus mutarotase, fruc-

tose dehydrogenase plus invertase, or the like.

[0035] As the electron mediator, potassium ferricya-

nide, p-benzoquinone, phenazine methosulfate, methyl-

ene blue, ferrocene derivatives, or the like may be used.

The use of oxygen for electron mediator can yield a sim-

ilar sensor response. Those electron mediators are

used singly or in combination (a combination of two or

more).

[0036] Applicable hydrophiiic polymer may be exem-

plified ascarboxymethyl cellulose, polyvinyl pyrrolidone,

polyvinyl alcohol, gelatin and its derivative, a polymer of

acrylic acid or an acrylate, a polymer of methacrylic acid

or a methacrylate, starch and its derivative, a polymer of

maleic anhydride or a maleate, cellulose derivatives

such as hydroxypropyl cellulose, methyl cellulose, ethyl

cellulose, hydroxyethyl cellulose, ethylhydroxyethyl cel-

lulose, carboxymethylethyl cellulose or the like,

polyamino acid such as polylysine, and polystyrene sul-

fonate.

[0037] Among them, carboxymethyl cellulose, hydrox-

yethyl cellulose, hydroxypropyl cellulose, methyl cellu-

lose, ethyl cellulose, ethylhydroxyethyl cellulose and

carboxymethylethyl cellulose are preferred. Polyamino

acid such as polylysine, polyvinyl alcohol and polysty-

rene sulfonate may also be used preferably.

[0038] As the lipid, any amphipathic phospholipid

such as lecithin, phosphatidylcholine, phosphatidyleth-

anolamine or the like may be used preferably.

[0039] The pH buffer may be exemplified as potas-

sium dihydrogen phosphate-dipotassium phosphate,

potassium dihydrogen phosphate-disodium phosphate,

sodium dihydrogen phosphate-dipotassium phosphate,

sodium dihydrogen phosphate-disodium phosphate, cit-

ric acid-disodium phosphate, citric acid-dipotassium

phosphate, citric acid-trisodium citrate, citric acid-tripo-

tassium citrate, potassium dihydrogen citrate-sodium

hydroxide, sodium dihydrogen citrate-sodium hydroxide,

sodium hydrogen maieate-sodium hydroxide, potas-

sium hydrogen phthaiate-sodium hydroxide, succinic

acid-sodium tetraborate, maleic acid-tris(hydroxyme-

thyOaminomethane, tris(hydroxymethyl)aminomethane-

tris(hydroxymethyl)aminomethane hydrochloride, [N-(2-

hydroxyethyl)piperazine-N'-2-ethanesulfonic acid]-

sodium hydroxide, [N-tris(hydroxymethyl)methyl-2-ami-

noethanesulfonic acid]-sodium hydroxide, [piperazine-

N N'-bis(2-ethanesulfonic acid)]-sodium hydroxide and

the like.

[0040] Those enzymes and electron mediators may

be dissolved in a sample solution or otherwise isolated

from the sample solution by fixing the enzyme layer con-

5 taining those constituents to the base plate so as to

avoid their direct dissolution in the sample solution. If

the latter configuration is selected, it is preferable for the

reaction layer to further include a hydrophiiic polymer.

[0041] In the following, the present invention will be

w described more specifically referring to concrete

embodiments.

[0042] FIG. 1 shows an exploded perspective view of

a two-electrode system glucose sensor with an omis-

sion of the reaction layer. A silver paste is printed on an

is electrically insulating base plate 1 of polyethylene

terephthalate by the screen printing method so as to

form leads 2 and 3 on the base plate 1 .
Subsequently, a

conductive carbon paste containing a resin binder is

printed on the base plate 1 so as to form a working elec-

20 trode 4. The working electrode 4 is in contact with the

lead 2. Then, an electrically insulating layer 6 is further

formed on the base plate 1 by printing thereon an insu-

lating paste. The electrically insulating layer 6 covers

the periphery of the working electrode 4 so as to hold

25 the exposed area of the working electrode 4 constant.

Thereafter, a conductive carbon paste containing a

resin binder is printed on the base plate 1 so as to

cause the carbon paste to contact the previously formed

lead 3, which formed a ring-like counter electrode 5.

30 [0043] Then, the electrically insulating base plate 1
,
a

cover 9 having an air vent 11 and a spacer 10 are

bonded to each other in a positional relationship as

shown by the dotted chain line in FIG. 1, which gives a

biosensor used as a glucose sensor. The spacer 10 has

35 a slit 1 3 for forming a sample supply path between the

base plate and the cover. Numeral 1 2 corresponds to an

opening of the sample supply path.

[0044] FIG. 2 shows an exploded perspective view of

a three-electrode system glucose sensor with an omis-

40 sion of the reaction layer. This glucose sensor has the

same configuration as that of FIG. 1 ,
except that the glu-

cose sensor further comprises a reference electrode 15

made of a carbon paste formed outside the periphery of

the counter electrode 5 so as to be exposed from the

45 electrically insulating layer 6, and a lead 1 4 for the refer-

ence electrode.

[0045] FIG. 3 is a longitudinal cross-sectional view

showing the vital part of a biosensor used in one exam-

ple for application of the present invention, with an omis-

50 sion of the spacer and the cover.

[0046] A reaction layer 7 including an enzyme and an

electron mediator is formed on the electrically insulating

base plate 1 above which the electrode system has

been formed as shown in FIG. 1 , and a lecithin layer 8 is

55 further formed on the reaction layer 7.

4
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Example 1

[0047] In this example, the reaction layer was formed

by dropping a mixed aqueous solution of glucose oxi-

dase (EC1 .1 .3.4; hereinafter referred to as "GOD") with 5

potassium ferricyanide on the electrode system formed

on the base plate 1 in FIG. 1 and drying it. Then, the lec-

ithin layer was formed by dropping a toluene solution of

lecithin on the reaction layer and drying it.

[0048] The cover 9 and the spacer 10 were then w
bonded to the base plate 1 in a positional relationship

shown by the dotted line in FIG. 1 , which gave a glucose

sensor used in this example.

[0049] Glucose standard solutions at various concen-

trations were then formulated as sample solutions. Each 15

of those aqueous glucose standard solutions (3 ul) was
supplied to the glucose sensor from the opening 12 of

the sample supply path. The sample solution advanced
to the air vent 1 1 and dissolved the reaction layer 7 and
the lecithin layer above the electrode system. Upon dis- 20

solution of the reaction layer 7, enzyme reaction where
glucose contained in the sample solution is oxidized to

gluconolactone by the GOD will take place. This

enzyme reaction accompanies at the same time reduc-

tion of the potassium ferricyanide to potassium ferrocy- 25

anide to produce ferrocyanide ions.

[0050] When a certain time had lapsed after supply of

the sample solution, a voltage of -1.0 V was applied to

the working electrode with reference to the counter

electrode 5, which induced reduction of the potassium 30

ferricyanide on the working electrode and oxidation of

the potassium ferrocyanide on the counter electrode to

generate a current flow across the electrodes. The cur-

rent flowing during this oxidation-reduction was read 5

seconds after application of the voltage. 35

[0051] FIG. 4 shows the sensor responses to the var-

ious aqueous glucose standard solutions by defining

the current value at a glucose concentration of about

700 mg/dlas 100%.

[0052] The sensor response showed linear increases 40

with the increases in the glucose concentrations in a
range of 0 to 700 mg/dl. This suggests the rate-deter-

mining step of the oxidation of the potassium ferrocya-

nide on the counter electrode due to small amounts of

ferrocyanide ions produced by the enzyme reaction. 45

[0053] The sensor response decreased as the glu-

cose concentrations increased above 700 mg/dl. This

indicates the rate-determining step of the reduction of

the ferricyanide ions on the working electrode because
of sufficiently large amounts of the ferrocyanide ions 50

produced by the enzyme reaction.

[0054] As is evident from FIG. 4, the sensor showed
excellent response characteristics irrespective of the

glucose (substrate) concentrations.

55

Example 2

[0055] In this example, an aqueous solution of car-

boxymethyl cellulose (hereinafter referred to as "CMC")
was dropped on the electrode system above the base
plate 1 in FIG. 1 and dried to form a CMC layer. Then,

the reaction layer and the lecithin layer were formed in

the same manner as in Example 1 . The presence of the

CMC layer minimizes the adverse effect on the meas-
urement by adsorption of protein onto the surface of the

electrodes.

[0056] A glucose sensor was produced in the same
manner as in Example 1 and evaluated for its responses

to various aqueous glucose standard solutions as for-

mulated in Example 1. The sensor showed similar

response characteristics to those of Example 1, with

less variations.

Example 3

[0057] !n this example, the CMC layer was formed

similarly by dropping an aqueous CMC solution on the

electrode system above the base plate 1 in FIG. 1 and
drying it. Then, a mixed aqueous solution of GOD,
potassium ferricyanide and potassium ferrocyanide was
dropped on the CMC layer and dried to form the reac-

tion layer. A glucose sensor was produced in the same
manner as in Example 1 and evaluated for its responses

to various aqueous glucose standard solutions as for-

mulated in Example 1

.

[0058] FIG. 5 summarizes the sensor responses to

the various aqueous glucose standard solutions by

defining the responsive current value to a solution

including 0 mg/dl glucose as 1 00%.

[0059] As is seen from FIG. 5, the sensor response

decreased as the glucose concentrations increased.

The reason is that because potassium ferrocyanide

coexisted in the reaction layer, the ferrocyanide ions to

be oxidized on the counter electrode were always

secured sufficiently, which ensured the rate-determining

step of the reduction of ferricyanide ions on the working

electrode even if the concentration of the substrate is

low.

[0060] The sensor showed excellent response charac-

teristics irrespective of the glucose (substrate) concen-

trations.

Example 4

[0061] In this example, the CMC layer was formed by

dropping an aqueous CMC solution on the electrode

system above the electrically insulating base plate 1 in

FIG. 2, while avoiding the reference electrode 15, and
drying it. Then, a mixed aqueous solution of GOD and
potassium ferricyanide was dropped on the CMC layer

and dried to form the reaction layer, above which a tolu-

ene solution of lecithin was dropped and dried to form

thereon the lecithin layer.

[0062] Then, the cover 9 and the spacer 10 were
bonded to the base plate 1 in a positional relationship

shown by the dotted chain line in FIG. 2, which gave a

5
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glucose sensor used in this example.

[0063] Each of the various aqueous glucose standard

solutions (3 pi) formulated in Example 1 was supplied

from the opening 12 of the sample supply path. When a

certain time lapsed after supply of the sample solut.cn,

a voltage was applied onto the working electrode at a

potential of -0.8 V using the reference electrode 15 as

standard. And, 5 seconds after the voltage application

the current flowing across the working electrode 4 and

the counter electrode 5 was measured.

[0064] FIG 6 summarizes the sensor responses to

the various aqueous glucose standard solutions by

defining the responsive current value to a solution

including 0 mg/dl glucose as 1 00%.

[0065] As shown in FIG. 6. the sensor showed excel-

lent response characteristics in a wide range of glucose

(substrate) concentrations, permitting quantitation up to

6,000 mg/dl or so.

Example 5

[0066] A glucose sensor was produced in the same

manner as in Example 4.

[0067] Then, the sensor was evaluated for its

responses in the same manner as in Example 4 except

for the use of various aqueous glucose standard solu-

tions formulated in Example 1 further containing known

amounts of ascorbic acid as sample solutions.

[0068] The sensor showed substantially identical

responses to those of the glucose sensor in Example 4

despite the presence of ascorbic acid, thus demonstrat-

ing excellent response characteristics.

[0069] In the foregoing examples, although conductive

carbon paste and insulating paste were used to form

printed patterns, the present invention is not limited to

those.

[0070] As discussed above, according to the present

invention, the concentration of a substrate can be quan-

titated with high accuracy in a wide range of substrate

concentrations, particularly in high substrate concentra-

tions. .

[0071] Although the present invention has been

described in terms of the presently preferred embodi-

ments it is to be understood that such disclosure is not

to be 'interpreted as limiting. Various alterations and

modifications will no doubt become apparent to those

skilled in the art to which the present invention pertains,

after having read the above disclosure. Accordingly, it is

intended that the appended claims be interpreted as

covering all alterations and modifications as fall within

the true spirit and scope of the invention.

Claims

1. A method for quantitative measurement of a sub-

strate comprising:

a first step for causing a substrate contained in

10 2.

15 3.

20

25 4.

30

35

40

45

50

55

10

a sample to react with a specific oxidoreduct-

ase to said substrate in the presence of an

electron mediator in oxidized state, and

a second step for electrochemically reducing

said electron mediator in oxidized state which

remains non-reduced by enzyme reaction in

said first step, thereby obtaining a current flow-

ing during electrochemical reduction.

The method for quantitative measurement of a sub-

strate in accordance with claim 1, wherein an elec-

tron mediator in reduced state further participates

in the enzyme reaction in said first step.

The method for quantitative measurement of a sub-

strate in accordance with claim 1, wherein said

quantitative measurement is conducted using a bio-

sensor comprising an electrically insulating base

plate an electrode system having at least a working

electrode and a counter electrode which are formed

on said base plate, and a reaction layer including an

oxidoreductase and an electron mediator which are

disposed on said electrode system.

The method for quantitative measurement of a sub-

strate in accordance with claim 1, wherein said

quantitative measurement is conducted using a bio-

sensor comprising an electrically insulating base

plate an electrode system having at least a working

electrode, a counter electrode and a reference

electrode which are formed on said base plate, and

a reaction layer including an oxidoreductase and an

electron mediator which are disposed on said elec-

trode system.

The method for quantitative measurement of a sub-

strate in accordance with claim 3, wherein said

reaction layer further includes a hydrophilic poly-

mer.

The method for quantitative measurement of a sub-

strate in accordance with claim 4, wherein said

reaction layer further includes a hydrophilic poly-

mer.

The method for quantitative measurement of a sub-

strate in accordance with claim 3, wherein an elec-

tron mediator in reduced state further participates

in the enzyme reaction in said first step.

\ The method for quantitative measurement of a sub-

strate in accordance with claim 4, wherein an elec-

tron mediator in reduced state further participates

in the enzyme reaction in said first step.

6
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FIG. 1
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FIG. 2
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FIG. 4
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FIG. 5
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FIG. 6
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